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EXECUTIVE SUMMARY A. Overview of the Technology
Post-combustion CO2 capture (PCC) technology offers flexibility to treat the flue gas from both existing and new coal-fired power plants and can be applied to treat all or a portion of the flue gas. Among the options for post-combustion CO2 capture from large coal-fired power plants, solvent-based technologies represent the leading pathway as they have been successfully applied in large scale in other applications such as natural gas processing. However, there are a number of challenges in the use of traditionally available solvent-based technologies, including the need for implementation at very large scale, significant parasitic energy losses, and solvent stability/degradation issues.
Linde and BASF have worked together to develop a post-combustion capture technology incorporating BASF's novel aminebased process along with Linde's process and engineering innovations. This technology offers significant benefits compared to other solventbased processes as it aims to reduce the regeneration energy requirements using novel solvents that are stable under the coal-fired power plant feed gas conditions. Additionally, Linde has evaluated a number of options and identified engineering solutions for capital cost reduction in large solventbased post-combustion capture plants.
Pilot-scale demonstration of the technology at a 1-1. 5 MWe scale has been completed in Wilsonville, AL at the National Carbon Capture Center (NCCC) under the project supported by DOE (project award . The pilot plant testing demonstrated all of the performance targets including CO2 capture rate exceeding 90%, CO2 purity exceeding 99.9 mol% (dry) -see Table 1 , regeneration steam consumption energy as low as 2.7 GJ/tonne CO2, and regenerator operating pressure up to 3.4 bar absolute. The emission control feature incorporated in BASF's patented dry bed configuration was validated during the longduration testing. Testing has also confirmed the validation of several unique equipment features incorporated in the pilot plant including high-capacity structured packing, gravity-driven absorber interstage cooler, blower positioned downstream of absorber, and the unique reboiler configuration which minimizes solvent inventory and promotes fast response to load changes.
B. Goals and Objectives of the Project
The proposed Phase 2 project is aimed at capturing ~300 TPD (272 metric tonne/day) CO2 at 90% capture rate from existing coal-fired boilers at the Abbott Power Plant on the campus of University of Illinois (UI) using the Linde-BASF novel amine-based advanced CO2 capture technology. The overall objective of this project is to design and install a scaled-up system of nominal 15 MWe size that not only meets the minimal requirements of the FOA, but also demonstrates a 10x scale-up in plant size while reducing the risks of project costs overruns. The post-combustion capture (PCC) plant will be integrated with the Abbott Power Plant flue gas, steam and other utility systems, and demonstrate the viability of continuous operation under realistic conditions with high efficiency and capacity. This will be accomplished by conducting parametric testing and then long-term testing to demonstrate that the system can achieve target performance resulting in an economically viable incremental cost of electricity (COE) and CO2 capture cost at the large commercial scale. The project goal will be accomplished in two phases.
The Phase 1 objectives towards meeting the overall goal have been met and included:
 Defining the project in detail,  Formulating a project management plan,  Developing a preliminary plant design to enable cost estimates within ± 20%, and  Obtaining a host site agreement and other financial commitments to prepare a detailed Phase 2 application
The Phase 1 effort has identified technology gaps and defined risks and mitigation strategies for these risks. A preliminary design, along with concurrent basic engineering and cost estimates, was developed. The preliminary Environmental Health and Safety (EH&S) study determined an air, construction, and water permit strategy. The design of the capture system accommodates the standard operation of the host sitean important factor that will be demanded by power plants that would consider deploying capture systems.
The project team has developed approaches for the long-term utilization of the captured carbon. It is envisioned that the facility will serve as a test bed in the future for a variety of pilot scale utilization technologies. This approach fits well into the US DOE goals and Linde-BASF's overall post-combustion capture technology plan to test the economical validity of the complete carbon capture, utilization and sequestration (CCUS) chain and achieve commercial application by 2025.
The project team has also developed strategies for workforce development and job creation that will specifically aid the coal industry. Program outlines have developed to re-train coal operators so that they can become capture plant operators and train undergraduates from regional universities. This feature enables the training of a future workforce that can design and operate these capture facilities and will provide assistance to workers in the coal industry.
Cooperative Agreement DE-FE0026588 for this project was established on October 1, 2015. This is the final report that summarizes results from the Phase 1 project. The project had three no-cost time extensions granted by DOE to all Phase 1 participants, with the third no-cost extension to end May 31, 2017.
C. Tasks and Milestones Summary
ALL MILESTONES WERE ACHIEVED ON TIME AND ON BUDGET FOR PHASE 1. These results are summarized in Table 2 .
D. Accomplishments by Task Task 1.0 Project Management Plan

Goals and Objectives:
These activities included monitoring and controlling the project scope, cost, schedule, and risk, and submission and approval of required National Environmental Policy Act (NEPA) documentation. This task included all work elements required to maintain and revise the Project Management Plan, and to manage and report on activities in accordance with the plan.
Summary of Activities:
A Project Management Plan was developed per NETL guidelines and reviewed by NETL. The plan was in place by October 1, 2015 . A project kick-off meeting was held at NETL's Pittsburgh, PA facility on December 10, 2015. In order to facilitate the collection and analysis of relevant information, small teams were designated to focus on each of the tasks. A website was also established for secure data sharing amongst the team. Project management meetings were held to coordinate activities surrounding the development of the Phase 2 proposal.
Stakeholder engagement was also pursued as part of the Phase 1 of this project in preparation for Phase 2. Part of this activity included building relationships and outlining activities for Phase 2 that would result in workforce development, training, and professional development. Illinois Eastern Community College (IECC) was selected as a partner for training capture plant operators. IECC currently has programs to prepare personnel for employment in the coal industry. This program provides a means to re-train and create new jobs to overcome unemployment in the coal industry.
We have also developed an alliance with the Association of Illinois Electric Cooperatives (AIEC) and other regional utilities to enable and facilitate the evaluation of capture technology by other end users. Part of the outreach plan is to establish a means to train other plants in a process to evaluate, plan, and implement the retrofit of their facilities with capture technologies. 
Task 2.0 -Technology Engineering Design and Economic Analysis
Summary and Conclusions:
With an increasing number of implementations of PCC technology in power plants at very large scale, the learning curve benefits will drive the COE lower, towards the DOE/NETL goal for the cost of captured CO2 at or below of $40/tonne by 2030. The development proposed here is the next step along the pathway toward achieving significant reductions in COE of large scale power plants incorporating post-combustion CO2 capture in the immediate future. Notably, the Linde-BASF process options presented here have already the potential to lower the cost of CO2 captured to meet the DOE target of $40/MT CO2 without CO2 TS&M costs included at the 550 MWe scale.
Task 3.0 Environmental, Health, and Safety (EH&S) Risk Assessment
Goals and Objectives:
The purpose of the EH&S task was to assess the environmental friendliness and safety of the Linde/BASF PCC technology based on the materials and process being proposed and determine if there are any roadblocks to commercialization. In order to achieve this goal, a preliminary EH&S risk assessment was performed to identify potentially hazardous substances in the pilot exhaust gas and wastewater, as well as process safety risks for the large pilot. The identified risks were then used to complete the NEPA environmental questionnaire as part of Task 1. In addition, the permitting requirements for the large pilot had to be determined and their impacts on the existing Continuous Emissions Monitoring System (CEMS) in conjunction with the CO2 capture evaluated.
Experimental Methods:
The EH&S assessment is an important investigation to prevent any impediments to the development and commercialization of the Linde/BASF PCC technologies. The risk assessment was performed by engineers in Research and Design (R&D) Group with support from process and development engineers at Linde's Dresden, Germany and the chemical specialists at BASF.
The potential human health and toxicological effects of the solvent were reviewed and guidelines for proper handling, storage and use were outlined in the report. The family of BASF OASE ® solvents is protected intellectual property and the product solvent composition has not been tested for its potential health effects. However, BASF used its extensive library of chemical information to derive the properties of the OASE ® blue solvent based on the properties of its individual components, which have been tested for effects on human health.
All potential ancillary or incidental air and water emissions, and solid wastes produced from the Linde-BASF technology were identified based on results available from the previous solvent testing and bench or pilot CO2 capture demonstration projects by Linde and BASF. The project team then estimated the magnitude of the emissions or effluents expected in the large pilot based on the process simulation completed in Unisim.
Additionally, an engineering analysis was conducted to assess the risks associated with potentially hazardous materials arising from the operation of the Linde-BASF large pilot plant. The scope of this risk assessment included not only the solvent, but also other chemicals used in the process, possible by-products that might occur in the system, accumulated waste products, and known effluents and emissions that are anticipated from reactions within the PCC plant. Engineering controls and/or other mitigation strategies were explored and are discussed in detail in the report.
A literature review of Linde's standard procedures for the inherent safe design of all engineering and construction projects was conducted and the results were described in the report. A detailed plan was also developed to address any issues identified during the design and engineering phases through process safety and a hazard and operability study (HazOp).
Finally, activities were conducted to identify all permits, permitting authorities, and other key factors that could significantly affect the implementation of the project. The project team held meetings with multiple regulatory, utility, industry, and compliance stakeholders in order to gain a comprehensive understanding of the permitting and notification pathways necessary for successful implementation of the project. During this process, key issues were considered including information about air, land, water, waste and storm water management, local noise thresholds, stakeholder engagement/hearings, fire service, sanitary sewer connection, and right-of-way setbacks for the adjacent railway and utilities. This information was used to prepare the Phase 2 NEPA Environmental Questionnaires for the project
Results and Discussion:
Pilot testing of the Linde-BASF PCC technology at NCCC in Wilsonville, AL revealed that little to no added emissions of HAPs metals, NOx, SO2, or SO3 are produced from the process, and that no significant concentration of the OASE® blue solvent could be found in the air surrounding the plant. The key EH&S risks that were identified, as well as mitigating factors for management of the risks are summarized in (CEMS), in conjunction with the CO2 capture. Specific to this large pilot project, air, water, and construction permits are expected. During Phase 1 meetings were held with the Illinois Environmental Protection Agency and the Urbana-Champaign Water District to determine timelines and costs for these permits.
Summary and Conclusions:
A preliminary but comprehensive EH&S (environmental, health and safety) risk assessment was completed for this project incorporating the Linde-BASF OASE ® blue CO2 capture technology at the Abbott coalfired power plant on the campus of the University of Illinois. During Phase 2, the design, engineering, construction, operations and testing will take into account the risks and mitigating factors identified in this document in order to safely implement the project. At the end of the operations phase, an updated EH&S report will be prepared highlighting the implementation of the EH&S factors in the project as well as any additional lessons learnt during the implementation. The EH&S report developed for this project is expected to provide a strong basis for EH&S risk handling in further scale-up and commercialization of postcombustion capture technology.
Task 4.0 Technology Gap Analysis and Risk Management
Goals and Objectives
The goals of this task were to identify technology gaps and options to address them both in the implementation of the large pilot in Phase 2 and in future commercialization. Since Linde and BASF have successfully performed bench scale and small pilot scale testing, with the most recent being on a 1.5 MWe pilot plant scale, the main focus of technology gaps was on the scale-up aspects that impact performance, reliability, long term stability of the large pilot and commercial installations.
Experimental Methods:
The technology gap analysis followed a systematic approach to outline both the current state of development of all critical process components and identify the research needs required to develop these components to commercialization. Toward this goal, a brief review of the Linde-BASF PCC technology was described and a process flow diagram was developed to show its integration with a coal-fired power plant. The project team also outlined the potential advantages of the process in terms of efficiency, emissions and cost. Finally, an assessment of each of the major components of the system was performed by assigning them with a current Technology Readiness Level (TRL) and an expected TRL by the time learnings and results of the current large scale pilot testing period have been evaluated and effectively integrated into the process technology.
Subsequently, a summary of the current level of research was outlined, including 1) a description of the learnings gained from past Linde-BASF PCC pilot plant experiences as they apply to critical PCC technology elements, and 2) details of the current level of research on several key components of the PCC process as well as the information and testing needed before process scale up (gaps). Those R&D gaps that will be the focus for Phase 2 efforts were assessed and those R&D gaps that would be investigated through other R&D programs were also identified. The large pilot design R&D gaps (including technology gaps related to the absorber column, stripper column, and heat exchangers) were also rigorously modeled via Linde design and engineering efforts, taking into account the modeling tools developed from experimental bench-scale data provided by BASF using the OASE ® blue solvent.
Results and Discussion:
During Phase 1, the project team completed a Technology Gap Analysis report that identifies seven primary technology areas where further development is needed to achieve rapid commercialization. The report uses extensive historic data to show the current TRL status of the technology components and provides recommendations for closing these gaps. The primary gaps studied are shown in Table 6 noting the status of each technology gap together with its expected Phase 2 efforts to address these areas as well as a description of the required steps forward to close the identified R&D technology gaps.
The project team has considered a number of innovative approaches for advanced equipment and process design elements and novel solvent performance characteristics to further reduce total PCC plant cost while minimizing the high energy penalty associated with solvent regeneration. The proposed Phase 2 project will address the identified technology gaps and pave the path forward for large scale commercialization of Linde-BASF OASE ® blue technology. Below is a list of the technology gaps that the team proposes to address during the project:
 Absorber column scale-up: performance factors and construction strategy for low costs  Incorporating a CO2 recycle to address flue gas composition variability  Developing control and device-appropriate load-following strategy for the capture plant to enable fast response to variations in power plant load  Managing flue gas impurities (particulates, SO3, etc.) that create aerosols and contribute to amine carry-over (Emission control)  Optimizing operation of the stripper to reduce steam utilization and increase energy efficiency of the CO2 capture process using advanced stripper configurations and stripper inter stage heating  Assessing solvent recycle options to help manage condensates containing low solvent concentrations  Evaluating options for water and wastewater management to reduce impact on the environment and O&M costs 
Goals and Objectives:
The goals of this task were to design and engineer the large pilot plant, and provide an overall cost estimate for the Phase 2 project with ±20% accuracy. The scope included the equipment and modules inside the battery limit (ISBL) of the postcombustion capture plant and those outside the battery limit (OSBL) intended to provide the flue gas, electricity, steam, cooling water and other utilities from the host site power plant to the CO2 capture plant.
Experimental Methods:
The team first identified the need for any modifications at the host site to accommodate CO2 capture with the Linde-BASF system by conducting site visits to examine the plant in more detail. Lengthy discussions were held between the Linde engineers as well as the engineers and operational staff of the Abbott Power Plant to share the relevant information and documents for a successful integration. Flue gas testing was also performed downstream of the CEMS to determine the flue gas specification to be used in the design. The Linde engineers also assessed the location for a potential CO2 capture site and plant layout.
This information was assessed to define an engineering design basis for the capture system. Based on the flue gas composition and available temperature and pressure of utilities to be used, BASF provided a technology package including basic design for the capture plant. This was then expanded upon by Linde engineers who developed an overall design for the CO2 capture plant and its requirements for integration with the Abbott Power Plant. The preliminary basic engineering package described the process for carbon capture including flue gas pre-treatment to the offsite facilities necessary to operate the plant. This engineering package formed the basis for costing the system inside the battery limits (ISBL) of the capture plant. Similarly, the Affiliated Engineers, Inc. group (AEI) developed the engineering for components outside the battery limits (OSBL) of the capture system and determined the integration of the flue gas and utilities from the power plant to the CO2 capture plant on the plot plan. Both the ISBL and OSBL teams prepared preliminary process flow diagrams (PFDs), piping and instrumentation diagrams (P&IDs) and heat and material balances to visualize assumptions and ensure consistent treatment of plant integration. The overall capex of the large pilot was estimated from the separately developed ISBL and OSBL cost estimates and the size and scope of the plant was optimized to reduce the potential for cost overruns.
Results and Discussion
The Abbott Power Plant is a stoker coal-fired boiler with a high excess air flow. As a result, the anticipated flue gas contains a low percentage of CO2 compared to a conventional pulverized coal-fired power plant as shown in Table 7 below. To accommodate this, the plant was designed to capture approximately 300 TPD (272 metric tonne/day) based on a recovery rate of 90%. While the as-received flue gas will be directly treated in the base scenario, other tests will also be conducted with a recycle stream of the captured CO2 fed to the absorber inlet to increase the CO2 concentration of the flue gas influent and mimic the flue gas conditions of a typical conventional PC power plant.
A preliminary basic design package for the pilot plant was produced with the following documents (i) design basis, including feed conditions (i.e., actual flue gas pressure, temperature, flow rate, gas composition and contaminant levels as measured during the flue gas testing; Table 7 ); (ii) process design, process flow diagram, process descriptions, material balances, utility consumption; emissions and effluents; (iii) equipment list; (iv) process data sheet for all equipment and mechanical datasheets and piping and instrumentation diagrams.
The Abbott Power Plant will provide the major utilities for the carbon capture pilot while the Phase 2 project will manage the discharge of the waste water from the direct contact cooler and blowdown water from the cooling tower of the PCC pilot plant with appropriate environmental permitting. Due to the high demand for cooling water, an auxiliary cooling tower will also need to be built on site to supplement the needs of the capture system. A potential site for the proposed carbon capture pilot was located NW of the power plant in an open lot. The proposed space provides sufficient room for the construction of the capture system and auxiliary cooling tower.
Based on the design and engineering activities, the Phase 2 project is estimated to have a total project value of approximately $76 million. A detailed work plan and schedule for the Phase 2 project was also created to execute the design, engineering construction and operation of the pilot plant over a period of 48 months.
Summary and Conclusions:
The preliminary design and basic engineering was successfully completed for a nominal 15 MWe pilot incorporated with the Linde/BASF carbon capture technology. Upon successful completion of Phase 2, this project is expected to have significant impact on the speed of commercialization of this advanced solventbased PCC technology, and thereby meet the anticipated need for such plants beyond 2020. This will also provide a clear pathway to commercial viability of captured CO2 utilization.
Task 6.0 Phase 2 Application Preparation.
The information developed during execution of the previous tasks was used to develop a Phase 2 proposal that was submitted before the March 31, 2016 deadline. Supported by the rest of the project team, UI prepared a Phase 2 proposal compliant with the US DOE-NETL guidelines listed in DE-FOA-0001190 including the information listed in the relevant Attachments.
As a part of this task, the team provided US DOE-NETL with documentation necessary for NEPA compliance. Other activities included planning of detailed plant engineering, costing, and vendor arrangements, construction and commissioning strategies, testing and data analysis, and economic analysis and reporting. 
E. Summary, Conclusions, and Issues for Further Study
The Phase 1 effort has demonstrated that implementation of this project is feasible at the Abbott Power Plant and can meet key goals and objectives defined by NETL-DOE. The design and installation of a scaledup system of nominal 15 MWe size will demonstrate the viability of the Linde/BASF capture technology under realistic conditions with high efficiency and capacity. Strategic alliances with various stakeholder groups have been formed to enable workforce development and education opportunities for students. The workforce development piece is especially targeted at aiding workers from the coal industry by training them to be operators of the capture plants. This project will also lay the ground work for follow on projects that pilot utilization of the captured CO2 from coal-fired power plants. The next step is the funding and implementation of Phase 2, i.e. design, build, operate. This would result in a facility to enable large scale pilot R&D for CCUS.
I. TECHNICAL REPORT BODY A. Technology Description
Among the options for post-combustion CO2 capture from large coal-fired power plants, solvent-based technologies represent the leading pathway as they have been applied in large scale in other applications such as in natural gas processing. However, there are a number of challenges in the use of traditionally available solvent-based technologies, including the need for implementation at very large scale, significant parasitic energy losses, and solvent stability/degradation issues.
Linde and BASF have worked together to develop post-combustion capture technology incorporating BASF's novel amine-based process along with Linde's process and engineering innovations. This technology offers significant benefits compared to other solvent-based processes as it aims to reduce the regeneration energy requirements using novel solvents that are stable under the coal-fired power plant feed gas conditions. Additionally, Linde has evaluated a number of options and identified engineering solutions for capital cost reduction in large solvent-based post-combustion capture plants.
As indicated in Figure 2 , the overall PCC process resembles a typical amine-based CO2 capture process configuration, but also includes patented innovations leading to high efficiency of CO2 capture.
The main process units are listed below. The key benefits of the integrated have been discussed in more detail in a paper presented at the GHGT-9 in 2008, and listed in the Bibliography as a Reference 4.
Flue gas blower that provides sufficient pressure to overcome the pressure drop across the pre-scrubber and absorber. The location of the flue gas blower will be adjusted to suit the Abbott Power Plant site-specific equipment arrangement in the most cost-effective manner. j) Optional CO2 recycle stream, provided to evaluate the effect of plant loading and variable CO2 concentration in the flue gas on overall energy consumption, and to limit the effects of power plant loading on flue gas CO2 mol% fluctuations.
B. Technology Performance to Date
Linde and BASF have been jointly developing, optimizing, and demonstrating advanced PCC technology since 2007. The major milestones achieved so far include:
 Formulation and successful testing of BASF's advanced, amine-based, OASE ® blue solvent for efficient CO2 capture from low pressure sources, such as CO2 contained in the flue gas from coal and natural gas based power plants 
Pilot plant at the RWE Power Plant in Niederaussem, Germany
In partnership with BASF, and RWE Power, Linde Engineering designed, manufactured, and installed a small pilot PCC plant integrated with RWE Power's 1,100 MW dry lignite fired power plant in Niederaussem, Germany, capable of recovering ~ 7.2 TPD of CO2 from ~ 1,500 Nm3/h flue gas slipstream.
Comprehensive instrumentation with more than 200 data points and corresponding process control systems enabled reliable and accurate measurements and evaluation of key solvent and process parameters.
The slipstream flue gas from the RWE Power generation plant was cooled down to ~ 40°C by a direct contact cooler unit. A flexible, modular absorber designed by Linde allowed optional by-passing of some portions of the column in order to evaluate the effect of bed packings and corresponding heights. An interstage cooler was also connected in a flexible way to allow withdrawal of the solvent from different locations. A water wash section was installed at the top of the absorber in order to determine optimal operating conditions to minimize VOC and solvent emissions along with energy consumption.
During the initial phase of the pilot testing in Niederaussem, both MEA and the new BASF solvent (now identified as OASE ® blue) were tested for a 6-month duration to assess both performance and solvent stability. As illustrated in Figure 3 , the new BASF solvent enables ~ 20% energy reduction for solvent regeneration, along with significantly lower solvent circulation rate which in turn reduces the power requirement for rich and lean solvent circulations pumps. The lower solvent circulation rate observed with the BASF solvent also leads to reduction of the absorber and stripper column diameters for a given flue gas capacity, and, hence, leads to capital cost reduction.
Further, reduced column dimensions result in an increase of the single train capacity of the PCC plant that can be built. Figure 3b also shows the measurement of heat stable salts (an indicator of the degradation of the solvent) for both MEA and OASE ® blue over test duration of 5000 hours. The test measurements with MEA show that the solvent degradation is rapid after about 2,500 hours whereas the OASE ® blue remains stable over the entire duration of measurement. Following the initial testing for solvent selection, long term tests (>26,000 hours) were conducted in the Niederaussem pilot plant to confirm reliability of operation and consistency of performance with the novel solvent as illustrated in Figure 4 .
More recent tests focused on optimizing the emission reduction systems, especially amine aerosol emissions caused by dust. Multiple methods were considered, e.g., water wash, acid wash, dry bed, wet electric precipitators (WEP), etc. While WESPs were found to induce aerosol formation, dry bed and flue gas pre-treatment options were found to be effective in significantly reducing emissions ( Figure 5 ). The dry bed configuration, implemented in the 1.5 MWe pilot plant at NCCC, is discussed below.
The pilot plant was also designed to allow testing of various material alternatives, in different places along the PCC pilot plant, as illustrated below in Figure 6 . Based on initial tests performed in the small pilot plant in Niederaussem, a number of material alternatives could be employed in order to reduce capital cost of large commercial PCC plants. More information on the results is in Moser et al. [Ref. 5] . This article describes capture process configuration optimization measures and experiments to examine solvent performance during the 18-month pilot plant testing programme at Niederaussem.
Pilot plant at National Carbon Capture Center (NCCC) in Wilsonville, AL
Significantly improved critical properties of the new BASF solvent, combined with advanced designs of the absorber, stripper and corresponding wash units, allow expansion of the operating envelope of the entire carbon capture plant, making it possible to achieve the targeted degree of CO2 capture with significant energy savings while minimizing the environmental impact by reduced gas emissions, as well as liquid and solid waste disposals. The Linde-BASF team in conjunction with other partners designed, engineered, and built a 1.0-1.5 MWe slipstream pilot plant at the NCCC. This pilot was commissioned during 2014 and started operations and testing in January 2015. Images of the installed plant are shown in Figure 7 .
Within a week of startup, steady state operations were achieved and the pilot plant was operated over a range of conditions to validate performance targets.
The initial operations and testing phase validated a number of unique design features within the pilot unit. These include (i) high capacity structured packing in the absorber sections, (ii) gravity flow absorber inter-stage cooler, (iii) operation of blower downstream of the absorber, with the absorber operated at slightly below atmospheric pressure, (iv) a unique reboiler design with potential for cost savings at large scale, and (v) operation of the emission control configuration designed in the pilot.
The parametric testing campaign at the National Carbon Capture Center (NCCC) was completed on December 22, 2015 (Table 8 ). The pilot plant was run continuously subject to the flue gas and steam availability from NCCC. From the start of pilot plant operations through December 22, (i) 5,096 hours of solvent circulation was achieved, (ii) 3,841 hours of steam flow was maintained for either solvent circulation or CO2 regeneration and (iii) 2,589 hours of operation on the flue gas was achieved. The average CO2 capture rate during operations, including time taken during ramping the pilot plant and that between tests, was 89%.
Operations and testing were performed at 3.4 bar regenerator pressure, the highest design pressure for the regenerator at 10,500 lbs/hr flue gas flow rate. Several tests were performed to assess energy optimization. The initial test results indicate that the specific energy consumption in the regenerator at different pressures is similar. The key benefit of the higher regeneration pressure is expected to be a reduction in the energy required for compression of CO2, thereby decreasing the compressor operating costs. Further, the 3 bar inlet pressure to the CO2 compressor enables elimination of the first stage which is a high volume flow stage, thereby enabling significant reduction of compressor costs. Table 9 summarizes key performance targets achieved in PCC pilot plants in Niederaussem (PP1) and in Wilsonville (PP2), while Table 8 provides ranges of process parameters tested at the PCC pilot plant in Wilsonville, AL. Additional discussion on the results from testing of the 1.5 MWe PCC pilot plant at Wilsonville can be found in references 6 and 7.
C. Design Requirements/Assumptions and TEA
A techno-economic evaluation was performed of the technology following the methods and assumptions outlined in the DOE/NETL Baseline reports for reference case 12. The analysis assumed that the PCC technology was installed in a 550 MWe supercritical pulverized coal (PC) power plant utilizing Illinois No. 6 coal as fuel. Three versions of the Linde-BASF PCC technology were assessed: 1) based on a previously presented (for a subcritical PC plant) Linde-BASF PCC plant incorporating BASF's OASE® blue aqueous amine-based solvent (LB1 1 ) [Ref. 2], 2) a new Linde-BASF PCC plant incorporating the same BASF OASE® blue solvent that features an advanced stripper inter-stage heater design (SIH) to optimize heat recovery in the PCC process and 3) an advanced CO2 rich-CO2 lean solvent cross exchanger split configuration that improves energy performance but may increase capital costs(LB1-AFSC). As shown in Figure 2 , the SIH design will be validated for the Linde-BASF PCC plant as part of the Phase 2 large pilot build, however the AFSC configuration will only be modeled.
Detailed techno-economic evaluations were accomplished by utilizing Aspen Plus software as a generalized computational platform for rigorous calculations of physical and thermodynamic properties of water, steam, and multi-component mixtures, along with related material and energy balances around each individual unit operation of the integrated power plant with CO2 capture system. Specifically designed for parametric studies of key PCC process parameters, BASF's proprietary chemical process simulation package has been used for final, accurate predictions of mass and heat transfer rates, as well as for the kinetics of complex chemisorption reactions between CO2 and solvent components. Resulting performance parameters of the optimized PCC plant have been fully integrated with the Aspen Plus simulation of the PC power plant supercritical steam cycle to produce a complete model of the entire power plant with post-combustion CO2 capture to investigate the benefits of PCC energy performance improvements on the overall power plant energy performance in addition to capital and operating costs.
The key system assumptions used in the study are identical to those used in the DOE/NETL Case 12 reference and are highlighted in Table 10 .
Site characteristics, raw water usage, and environmental targets are identical to those detailed in section 2 of the DOE/NETL Case 12 reference [Ref. 3] .
The methodology for calculating the cost of electricity over a period of 20 years used in this study is, again, identical as in the DOE/NETL Case 12 reference for 2011 [Ref. 1 and Ref. 3] , where COE is used instead of LCOE for cost performance assessment purposes:
COE = {(CCF)*(TOC) + OCFIX + (CF)*(OCVAR)]}/ [(CF)*(aMWh)]
In addition, the cost of CO2 captured, (including $10/MT CO2 TS&M costs) was calculated using:
The following economic parameters were used for COE and cost of CO2 captured calculations: DOE/NETL Case 12 reference (2011) Capital Charge Factor (CCF) = 0.1240
The economic assumptions used to derive the above values are summarized in Exhibit 2-14 and Exhibit 2-15 of the DOE/NETL Case 12 reference [Ref. 1] . Consequently, the calculated COE and cost of CO2 captured values in this study have been expressed in 2011$ to be able to consistently evaluate the influence of the novel PCC technology on the incremental reduction of COE as compared to the DOE/NETL Case 12 reference (2011$).
The total plant cost (TPC) for the novel Linde-BASF PCC technology was estimated based on Linde's proprietary methodology of estimating the cost for new, commercial process plants, which included as many actual recent vendor quotes as available based on recent commercial proposals and studies. The accuracy of the final PCC plant cost is estimated to be within +/-30% in this study. As per DOE/NETL requirements, the resulting TPC also includes 20% process contingency, as well as 4% project contingency. Table 11 summarizes the major capital costs for the DOE Reference Case 12 and compares this against the three selected Linde-BASF options for PCC. Additionally, for this study, the total overnight costs (TOC) of the entire PC plant integrated with PCC technology were calculated using the same methodology as in the DOE/NETL Case 12 reference [Ref. 1]:
TOC = TPC + Preproduction Costs (PPC)+ Inventory Capital (IC) + Initial Cost for Catalyst and Chemicals (ICCC)+ Land & Other Owner's Costs (LOOC) + Financing Costs (FC)
where 1) TPC is the total capital cost of the complete PC plant integrated with PCC, 2) PPC are the sum of costs of 6 months labor, 1 month maintenance materials, 1 month non-fuel consumables, 1 month waste disposal, 25% of 1 month's fuel cost, and 2% of TPC, 3) IC are the costs of 60 day supply of fuel and consumables at 100% CF plus 0. A series of simulations were performed with various operating parameters of the PCC plant incorporating the Linde-BASF technology and with different levels of process integration with the PC power plant. The Linde-BASF PCC plant was designed in all cases to minimize energy requirements for CO2 recovery and compression. Table 12 summarizes the resulting energy requirement elements for CO2 capture and compression for the two main Linde-BASF process options described in this study, LB1 and SIH. The results of the techno-economic assessment are shown in Figure 1 for the three specific options utilizing the BASF OASE® blue solvent technology (LB1, SIH and LB1-AFSC) as compared to the DOE/NETL Case 12 reference.
The Linde-BASF PCC technology options, integrated with a 550 MWe subcritical PC power plant, lead to increased net power plant efficiency from 28.4% reported in reference Case 12 to 30.9% (LB1), 31.4% (SIH), and 31.7% (LB1-AFSC) (Figure 1a) . The increased efficiency and innovative, cost-effective design of the Linde-BASF PCC plant lead to significant reductions of total plant cost for the overall PCC plant integrated with 550 MWe coal-fired power plant (17.7% reduction for the LB1 option, 19.2% reduction for the SIH option, and 19.8% for LB1-AFSC) when compared with DOE/NETL Case 12 reference. Table 13 
D. Gap Analysis
This report has highlighted the major milestones and accomplishments of the Linde-BASF PCC technology to date, as well as the potential benefits of this technology when compared to other carbon capture solutions. However, along with these benefits there are a number of challenges that must be resolved before widespread adoption can be expected. Table 14 highlights key subsystems of proposed PCC technology along with the current and expected Technology Readiness Level (TRL) indicators. Current TRL indicates the readiness level at the current stage of development, while expected TRL indicates readiness by the time learnings and results of the current large scale pilot testing period have been evaluated and effectively integrated into the process technology. The proposed Phase 2 project will address the identified technology gaps and pave the path forward for large scale commercialization of Linde-BASF OASE® blue technology. Below is a more involved discussion of two major areas of improvement that are required to address the cost and efficiency of any future commercialization.
Aerosol Formation, Solvent Emission and Prevention
Significant experimental and theoretical studies have been performed by RWE in Niederaussem and Linde-BASF at the Wilsonville, AL PCC pilot plant related to the mechanisms of aerosol formation in the flue gas stream and its consequences on solvent losses throughout the absorber column [4, 7] . It was established that one of the major unit operations influencing the number of fine, submicron size particles in the flue gas is a Wet Electrostatic Precipitator (WESP). As Figure 8 illustrates, increased voltage (above 15 kV) applied to the WESP leads to a significant reduction in the number of > 50 nanometer particles at a concentration of < 10 4 particles/cm 3 , but simultaneously increases the concentration of very fine particles (< 50 nm) to a level of > 10 6 particles/cm 3 . Simultaneous measurement of the amine concentration in the treated gas exiting the absorber (expressed as Total Hydrocarbon (THC) in Figure 5 ) and applied WESP voltage validates a close correlation between solvent losses and concentration of very fine particles (<50 nm) caused by utilization of WESP [Ref. 7] .
As concluded by RWE studies, the solvent/amine losses from the absorber could be significantly reduced either by limiting the concentration of fine aerosol particles (<50 nm) to < 10 4 particles/cm 3 or by promoting aerosol growing for easy separation by conventional methods (water wash, demister etc.).
Linde and BASF have developed a patented "dry bed" wash absorber column configuration that reduces solvent emissions from the absorber. The absorption section of the pilot plant at Niederaussem consists out of four beds with the option to leave out the upper one. This operational configuration is named "Dry Bed". Figure 9 illustrates the effect of this Linde-BASF patented "dry bed" wash absorber column configuration on amine reduction. Although the wet electric precipitator produces a very high number of ultra-fine aerosol droplets in the flue gas before the absorber (shown in green), it is still possible to reduce the amine emissions out of the capture process significantly by activating the "dry bed" (shown in red).
Isokinetic tests were performed at Linde-BASF PCC Pilot Plant in Wilsonville in 2015 to establish the influence of PCC process parameters on amine losses. For flue gas containing a high aerosol particle concentration (> 10 5 particles/cm 3 ), it was found that the following process parameters reduce amine losses 5-10 times when combined (for flue gas containing a high aerosol particle concentration, as was experienced at the pilot plant in Wilsonville, AL): In addition, a proprietary method for flue gas pre-treatment to reduce aerosol levels entering the absorber and the resultant amine losses reduction was tested at the Wilsonville PCC pilot plant in December 2015. The measurement results indicate that a nearly ~30% reduction in the concentration of fine particles in the flue gas can be achieved with this flue gas pre-treatment solution.
Considering the significance of "quality of flue gas" (expressed as number of fine particles per cm 3 ) on amine losses, in preparation for the final design of Linde-BASF large PCC pilot plant demonstration, comprehensive onsite aerosol measurements of the flue gas at the Abbott Power Plant were performed in February 2016 by the Aerosol and Air Quality Research Laboratory (AAQRL) of Washington University in St. Louis, led by Professor Pratim Biswas [Ref. 8] . The aerosol properties were measured at five operating conditions of the power plant: soot blow in boilers, FGD bypass, reheat burner off completely, reheat burner operated at 42% capacity, and reheat burner operated at 27% capacity (normal capacity conditions subject to opacity compliance requirements on the particular testing day).
The AAQRL staff installed the aerosol sampling and monitoring system close to Abbott Power Plant's online continuous emissions monitoring system (CEMS) sampling ports located between the reheat burner and the stack, close to the location where the flue gas would be withdrawn for the CO2 capture. A scanning mobility particle sizer (SMPS with a differential mobility analyzer and a condensation particle counter, TSI Inc.) and an aerodynamic particle sizer (APS, TSI Inc.) were used to measure the number concentrations and size distribution of fine particles under the five operating conditions mentioned above. Figure 10 , with qualitatively similar measurement results, clearly shows an extremely large concentration (> 10 8 particles/cm 3 ) of very fine particles (<100 nm, with the mean particle size at 40-50 nm) in all samples.
As a result, it was concluded that proper installation and testing of available flue gas pre-treatment options will be critically necessary before and during construction of the proposed large pilot PCC plant integrated with the Abbott Power Plant facility.
Water and Wastewater Management
The Phase 1 study has identified that the 15 MWe large pilot plant requires a cooling tower with a circulating water rate up to 8,600 GPM to provide the required cooling duty. Consequently, this will result in discharge of up to 37-46 GPM blowdown wastewater based on the number of concentration cycles adopted at Abbott power plant's exiting cooling towers. As a conventional option, the blowdown water is planned to be discharged to the local sanitary district.
The cooling tower blowdown needs to be permitted before it can be discharged to the local sanitary district. The large volumetric flow rate of blowdown water can result in permitting capacity issues as well as high permitting costs. To minimize the wastewater discharge and reduce the usage of fresh water as well, the additional options need also be assessed to identify the best option:
 Pre-filtration and Reverse Osmosis (RO) treatment of blowdown water. Commercial RO systems are widely available. With RO treatment, a large portion of the wastewater (e.g., 75%) can be recovered and then reused as makeup water for the cooling tower and only a small portion needs be discharged. Besides the reduced volume of discharge, the cost of installing and operating a RO system compared with permitting cost without any treatment is another factor to be considered.
 Softening treatment of cooling tower makeup water. Fresh water (e.g., city water) can be softened by removing scale forming salts (Ca, Mg, etc.). A minimal amount of chemical additives is required based on the quality of Champaign water. The use of softened feed water will allow much more concentration cycles in the cooling tower (e.g. 50 to 100 cycles and the cost-effective point depends on water quality and disposal costs). Compared with 3 to 4 concentration cycles practiced in the existing cooling towers, this can significantly reduce the volumes of blowdown discharge as well as fresh water makeup. A variety of softening technologies are commercially available with robust operational reliability (e.g., no membrane fouling) and low power requirements.
 Use of blowdown water from Abbott's existing cooling towers with modified design of large pilot plant cooling tower. Large quantities of blowdown water from Abbott's existing cooling towers are available. These water streams are relatively clean because only few cycles (e.g., 3 to 4 cycles) are used compared with common practice (e.g., 8 to 10 cycles). To accommodate the use of Abbott blowdown as water makeup, the modification and tuning of the large pilot cooling tower design is necessary.
In addition, the large pilot plant also generates a significant amount of flue gas condensate (estimated at 35 GPM) from the DCC. This wastewater stream contains typical flue gas contaminants, carbonates, sulfites and sulfates, which is similar by nature to the scrubbing water in the flue gas desulfurization (FGD) unit but has much lower concentrations of the contaminants. Therefore, this could be used as a potential source of process water for Abbott's FGD scrubber. Reuse/recycle of the DCC process condensate in the cooling cycle as make up water is also actively being explored as a wastewater management strategy. For the same reason, the reuse of flue gas condensate as FGD process water or cooling tower makeup water could both eliminate the wastewater discharge and reduce the FGD water usage.
E. Pilot Plant Design requirements and Description
The Abbott Power Plant was selected as the host site for the proposed capture plant installation and testing. Abbott's maximum steam production capacity is about 800,000 lb/hr (363,200 kg/hr). Of the total seven boilers, three are coal based, all of which are of the chain-grate stoker design. The remaining four are fired by natural gas. The downstream system of the coal-fired boilers is completely separate from that of the natural gas fired boilers, thereby assuring testing can meet project goals and requirements.
Amongst the three coal boilers, two (#5 and #6) are each capable of producing up to 150,000 lb/hr (68,100 kg/hr) of steam and another one (#7) has a capacity of producing 176,000 lb/hr (79,904 kg/hr) of steam. An Illinois high sulfur coal is burned and the coal is delivered to the plant via semi-trucks. Electrostatic precipitators and a wet FGD scrubber are used in conjunction with the coal boilers to remove particulate and SO2 from the flue gas. A reheat gas burner downstream of the wet FGD scrubber reheats the flue gas to the required temperature (~200 o F) to insure opacity compliance, before it passes to the CEMS and to the plant stack. The three coal boilers combined are permitted to produce up to 350,000 lb/hr (158,900 kg/hr) of steam, which is limited by the capacity of the FGD scrubber to process 425,600 lb/hr (193,049 kg/hr) flue gas (35 MWe).
The standard operating procedure of Abbott Power Plant is to run a maximum of two boilers simultaneously or a single boiler. When the coal-fired boilers are operational to produce 135,000 lb/hr of steam (61,290 kg/hr), equivalent to a nominal 15 MWe output, the volume of flue gas produced is estimated at 171,009 lb/hr (77,638 kg/hr). The flue gas will be directed to the PCC plant after the FGD, reheater and post Continuous Emissions Monitoring System (CEMS) which maintains the layout that the power plant has been permitted for. This approach will reduce the risk of re-permitting that could negatively impact the project's budget and/or schedule. The anticipated flue gas feed for the capture system would be the exit stream of the FGD after the flue gas reheater.
The flue gas specification in Table 15 indicates that the CO2 concentration of the Abbott plant flue gas is low compared to conventional pulverized coal-fired power plants (presumably since the Abbott Power Plant has Stoker coal-fired boilers with a high excess air flow). While the as-received flue gas will be directly treated in the base scenario, other tests will also be conducted with the recycle stream of the captured CO2 fed to the absorber inlet to increase the CO2 concentration of the flue gas influent. Such tests will represent the flue gas conditions typical of conventional pulverized coal-fired power plants to operate the CO2 capture pilot at a nominal CO2 capture capacity of 300 ton/day (272 metric tonne/day).
Three test cases are planned in the proposed Phase 2 project: Case 1: Treat as-received flue gas: Treating the as-received raw flue gas (171,009 lb/hr (77,638 kg/hr) containing the low concentration CO2 (5.7%mol) Case 2: Treat flue gas with CO2 recycle: Recycling a portion of the captured CO2 to the absorber inlet to increase the CO2 concentration from 5.7%mol (without recycle) to 10.3%mol (with recycle). The flow rate of the raw flue gas withdrawn is slightly lower than Case 1 due to the CO2 recycle.
Case 3: Treat flue gas with CO2 recycle and stripping operation at a higher pressure: Flue gas conditions are similar to Case 2 but the stripping operates at 3.5 bar compared with 2 bar stripping in Case 2.
The proposed host site is managed by the UI, and the host site is prepared to provide site access and utilities in support of the proposed project. A simplified PFD of Linde's pilot plant, along with tie-in points with Abbott Power Plant is shown in Figure 2 . Figure 11 demonstrates interface streams from the power plant perspective. The major utilities provided by Abbott Power Plant for the pilot plant are listed in Table 16 . Figure 12 shows a potential site for the proposed new pilot plant, located NW of the power plant in an open lot. The proposed space provides sufficient room for the construction of the capture system and an auxiliary cooling tower needed to supplement the needs of the capture system. Linde and BASF will be responsible for loading new and disposing of used solvent, while the Phase 2 project will manage the discharge of the waste water from the direct contact cooler and blowdown water from the cooling tower of the PCC pilot plant with appropriate environmental permitting.
F. Lessons Learned
Technical
 Significance of solvent regeneration at high pressure (up to 3.5 Bar) on capital and operating cost reductions for a PCC plant integrated with CO2 compression and drying.
 Significance of flexible reboiler design to allow proper PCC process dynamics during rapid power plant load fluctuations. These dynamics are achieved with an advanced reboiler design including a variable heat transfer area for optimum balance between heat transfer rate and potential thermal degradation of solvent.
 Optimization of PCC process configuration to maximize waste heat utilization and ultimately minimize solvent regeneration energy consumption. A new Stripper Inter-stage Heater (SIH) is included in the current design of the proposed PCC plant at Abbott Power Plant UIUC. This interstage heater utilizes part of the high temperature thermal energy from the CO2-lean solvent exiting the desorber/stripper to heat and vaporize semi CO2-lean solvent taken from an intermediate section of the stripper and return the heated solvent back to the stripper, recovering significant heat losses in the desorber/stripper column. Additional methods to reduce energy consumption will be evaluated. This includes a paper study on the utilization of external waste heat, as well as one on the advanced flash stripper configuration [Ref. 9 and Ref. 10 ] to understand trade-off between incremental energy reduction and additional possible capital cost penalties.
 Significance of aerosol formation on solvent losses and related emission issues. Significant work completed and results compiled in Niederaussem, additional tests at NCCC, and initial tests of the flue gas quality at Abbott Power Plant have prompted important consideration of options for aerosol control treatment for the flue gas prior to its entry into the absorber column of the proposed pilot. Further testing will be conducted at Abbott Power Plant to determine the effects of these innovative flue gas aerosol control treatment options on minimizing solvent losses from the PCC plant.
 Presentations which focus on the opportunity to create a center for utilizing captured carbon have spurred interest from other technology developers in CO2 utilization. They have welcomed the opportunity to conduct large pilots that would technically de-risk these utilization technologies.
Stakeholder Engagement
 From the end user (power plant) perspective, implementation of this project has initiated the development of an approach that can be shared with other power plants. These end users would consider retrofitting of their plants for carbon capture.
 A variety of stakeholder groups and associations have appreciated the opportunity to be educating in the value and regional economic impact that CCUS can have on the economy. They consider this large scale pilot an opportunity to evaluate and demonstrate these impacts.
 Utilities have welcomed the concept of the proposed host site, Abbott Power Plant at the University of Illinois, to become a training ground for the operation and maintenance of capture facilities.
Permitting / Regulatory
 The Phase 1 enabled the team to appreciate the importance of water demand on the permitting process. It became very clear that the largest permitting cost surrounding water management. This incentivized the team to develop methods to reuse / reduce water usage, thereby reducing permitting costs.
